Surface plasmons can concentrate optical fields as a result of oscillating surface charges at a metal/dielectric interface. 1 Many plasmonic nanostructures have been developed for various applications, including biochemical sensors, photodetectors, integrated optical components, and superresolution imaging. 2, 3 Recently, tunable plasmonics have attracted much attention, [4] [5] [6] [7] as there is a need to adapt to changing application requirements by tuning the optical properties of plasmonic devices. 8 Of particular interest is to tune plasmonic resonance modes in metallic nanostructures, such as nanorods, 9 nanoholes, 10 nanoshells, 11 nanoparticles, 12 and nanorings. 13 Existing plasmonic resonance tuning methods include changing the material, geometrical, and structural properties of the nanostructures via optical, magnetic, electric, thermal, and mechanical means. [14] [15] [16] [17] [18] For example, electro-optical tuning uses phase transition materials, such as liquid crystal, to adjust environmental refractive index by electric field. 19 Magneto-optically active plasmonic nanoholes use ferromagnetic materials as device substrate. 20 Thermo-mechanical tuning has also been accomplished by moving bimetallic nanostructures on a silicon substrate by means of micro-electro-mechanical systems (MEMS) based cantilevers. 21 In recent years, a number of flexible electronic and photonic devices have been demonstrated by the use of stretchable substrates with low Young's modulus and high failure strain. 22, 23 By creating an adjustable gap between nearby nanoparticles on the surface of an elastomer, mechanically tunable plasmonic nanostructures have also been developed. 24 This paper reports a plasmonic crystal structure able to tune its optical resonance mode by applying mechanical strains. The device is formed by coating a gold thin film on the surface of a stretchable polydimethylsiloxane (PDMS) substrate containing a periodic array of polymer nanoposts with a square lattice. On top of the nanoposts there is an array of gold nanodisks. When a uniaxial strain is applied to the substrate along a planar direction, the period of the elevated nanodisk array will change, thus altering its plasmonic resonance wavelength. Because the applied uniaxial strain also breaks the period symmetry of the nanodisk array, the resonance modes for different polarizations of the incident light will be split and shifted in opposite directions. Thus, the polarization-dependent tuning of plasmonic spectra will be achieved. It is noteworthy that because the gold nanodisks are separated from the base substrate, applying strains to the substrate in any planar directions will not deform the gold nanodisks. This will allow for better control of plasmonic resonance and improve repeatability of resonance tuning. Figure 1( represent the permittivity of gold and free space, respectively, and i and j are the order of surface plasmon polariton (SPP) Bloch wave. The Young's modulus E of the PDMS substrate can be calculated by dividing the stress by the average stain, which is given by E ¼ FL 0 /A 0 DL, where F is the normal component force exerted on the stress area A 0 , L 0 is the initial length of the PDMS substrate, and DL is the change of its length. The strain e ¼ DL/L 0 ¼ DK/K represents the percentage of the overall deformation. When an outward force is applied to the substrate in a planar direction, the period of the nanopost array in the same direction will increase by DK, while in the orthogonal direction of the same plane the period will decrease by the same amount (upper panel in Figure 1 (b)). Therefore, the gold nanodisks will gain a)
Authors to whom correspondence should be addressed. asymmetry in period between the two planar directions, accompanied by changing the shape of the substrate. As a result, there will be two plasmonic modes present with regard to the different polarizations of the excitation light (lower panel in Figure 1 (b)). Specifically, when the PDMS substrate is stretched along the y-direction (x-direction), the incident light polarized along the y-direction (x-direction) will excite a plasmonic resonance at a longer wavelength, while for the incident light polarized in the x-direction (y-direction), the excited resonance will appear at a shorter wavelength. Furthermore, by applying different strains along either direction, the x-and the y-polarized resonance wavelengths will be shifted in the opposite directions. Therefore, mechanical tuning of the plasmon resonance wavelengths will be achieved, along with the polarization-dependent feature.
Full wave electromagnetic simulations, based on a finite different time domain method, was used to study optical responses of the device with the lattice period of K ¼ 600 nm, the post diameter of d ¼ 195 nm, the post height of h ¼ 250 nm, and the gold thickness of 50 nm. The details of the optical simulation are described in the supplementary material. 26 Figure 1(b) shows that when the elastomer substrate is not stressed, the simulated original resonance occurs at the wavelength of 607 nm. When the device is stretched along the x-direction by 5%, the x-and y-polarized resonances are shifted to 613.3 nm and 599.5 nm, respectively. Figures 2(a) and 2(b) show the simulated electric field intensity distribution at 607 nm when the substrate is not stressed. The result indicates that the resonance mode is confined mainly at the elevated nanodisks but only a little at the bottom of the nanoposts. 
the whole device simulated using a finite element method based software COMSOL. When a tensile strength of 700 kPa is applied to the two sides of the substrate along the x-direction, high surface stresses are generated in the surface between the nanoposts but zero stress at the elevated gold nanodisks. The shape of the nanodisks is thus not affected. This feature, in conjunction with the fact that the resonance mode is mainly confined at the nanodisks, will make the resonance tuning more controllable with better repeatability, particularly as the resonance mode is majorly determined by the period of the nanodisks rather than their shape and dimensions. Note that the fabricated device has a 2 mm thick PDMS substrate. Limited by computational power, a reduced model with 200 nm thick PDMS substrate was calculated for illustrating the stress distribution on the surface of the device. The validation of the reduced model used in the mechanical simulation is described in the supplementary material. 26 The proposed device was fabricated using a soft lithography-based nanoreplica molding process. The details of fabrication are described in the supplementary material. 26 Briefly, the fabrication involved two sequential replication steps as shown in Figures 3(a)-3(f) . First, a silicon master mold carrying a positive surface structure of the nanopost array was used to create a soft PDMS mold with a negative surface profile of the finished device (Figures 3(a)-3(c) ). Subsequently, the soft mold was used to form the PDMS nanoposts with the features identical to those on the silicon stamp (Figures 3(d) and 3(e) ). After the two-step replications, a 50 nm thick gold film was evaporated on the whole surface of the device (Figure 3(f) ). The size of the device is 8 mm (width) Â 8 mm (length) Â 2 mm (thickness). Figure 2 (g) shows a scanning electron microscope (SEM) image of the fabricated device.
The reflection spectra of the fabricated device at different stretching and compression ratios were measured. The details of the optical and mechanical measurement setup are shown in supplementary material. 26 The testing spot (2 mm diameter) locates at the center of the device, where the lateral stress is relatively uniform. Figure 3(h) shows that when no strain is applied, the resonance wavelength is measured to be 600.2 nm. Because of the initial square lattice arrangement, the resonance wavelength of the device is independent of polarization of the Figure 4(a) shows the reflection spectra of the device when responding to different compressive strains (0, À2.5%, À5%, and À7.5%) applied to the substrate along the x-direction. As the strain further increased, the resonance spectrum would keep shifting but the bandwidth would start to increase. The incident light was polarized along the x-and y-direction. As is apparent from the plot, as the compressive strain increases, the x-polarized resonance mode is shifted towards shorter wavelengths, while the y-polarized one is shifted toward longer wavelengths. As expected, when the tensile strain along the x-direction increases (Figure 4(b) ), the x-and y-polarized modes are shifted towards longer and shorter wavelengths, respectively. Figure 5 summarizes the resonance wavelengths of the device as a function of applied compressive and tensile strains. Here, the PDMS substrate was stretched or compressed along the x-direction by an incremental strain of 0.25%. The strain was cumulatively loaded to the sample without being released to the original state before applying a higher strain. The result indicates that in the case of compression ( Figure 5(a) ), the x-and y-polarized resonance wavelengths almost linearly decrease and increase with the applied strains, respectively. By fitting the response curves with a linear function, the resonance sensitivity to a change in negative strain with the incident light polarized in the x-and y-direction is obtained to be 1.6 and 1.59 nm per 1% change in strain, respectively. In the case of stretching ( Figure 5(b) ), the x-and y-polarized resonances also respond linearly to changing strains, but with an opposite changing tendency to that shown in the case of compression. The sensitivity of the x-and y-polarized resonance to strain is 1.62 nm and 1.61 nm per 1% change in strain, respectively.
The previously reported strain-tunable metamaterials based on split ring resonators are able to tune their resonant wavelength by $7 nm for every 1% change in applied strain. 4 But, it should be pointed out that these plasmonic structures operate in the mid infrared (IR) regime centered at k c % 3.75 lm. By taking into account this operating wavelength, their resonance sensitivity to strain normalized by k c is only 0.00186 per 1% change in strain. Another strain-tunable plasmonic structure composed of a monolayer array of gold semishells with dielectric cores shows the spectrum tuning of $3.5 nm per 1% change in strain in the near IR region centered at k c % 1.55 lm.
14 Thus, the normalized resonance sensitivity to strain for the structure is 0.00226 for every 1% change in strain. In comparison, as mentioned earlier, our plasmonic crystal resonates at the wavelength of 600.2 nm when no strain is applied. The normalized sensitivity of the x-and y-polarized resonance of our device to applied strain can be calculated as 0.0027 and 0.00268 per 1% change in strain, respectively. Therefore, the tuning performance of our device is reasonable and competitive compared with other tunable plasmonic devices. 4, 14 We tested repeatability of resonance tuning by stressing the substrate for multiple cycles. For each cyclic compression/stretching measurement, after the substrate was stressed in the x-direction and the resonance wavelength was recorded, it retraced back to the initial unstressed state to complete one cycle. The incident light used here was polarized in the x-direction. Figures 6(a) and 6(b) show the results from 1000 cycles each for the compression and stretching tests. It is demonstrated that the device has a high operation repeatability of tuning its plasmonic resonance. Figure 6(c) shows the SEM image of the device in the compressed state with 5% strain applied after 1000-cycle stretch-release and 1000-cycle compression-release tests. While the gold film between the nanoposts on the substrate has shown a few cracks after the cyclic measurement, the gold nanodisks are still intact without any damage. It is believed that the obtained good repeatability of resonance tuning is attributed to these damage-free gold nanodisks that are critical to the resonance mode majorly confined at the nanodisks.
In summary, we have demonstrated a strain-tunable plasmonic crystal consisting of an array of gold nanodisks elevated from the base surface of an elastomer substrate. During stretching and compressing the substrate, the nanodisks are not mechanically influenced, while their period is changed. This design has improved the tuning controllability and repeatability of the device. We have also demonstrated that applying in-plane strain along a primary direction results in the period asymmetry of the gold nanodisks between two planar directions of the square lattice, and thus, the original resonance mode is split into two resonance modes for the incident light polarized in the two directions. The present plasmonic crystal offers a reliable scheme of tuning optical resonance. The strain-induced polarization-dependent resonance tuning may find applications in optical filters, mechanical sensors, and biochemical sensors. Future work includes applying this tuning mechanism to other plasmonic crystal structures with different pattern size, period, and lattice.
